Predicting Merger-Induced Gas Motions in Lambda-CDM Galaxy Clusters by Nagai, Daisuke et al.
THE ASTROPHYSICAL JOURNAL, ACCEPTED
Preprint typeset using LATEX style emulateapj v. 04/17/13
PREDICTING MERGER-INDUCED GAS MOTIONS IN ΛCDM GALAXY CLUSTERS
DAISUKE NAGAI1,2,3 , ERWIN T. LAU1,2 , CAMILLE AVESTRUZ1,2 , KAYLEA NELSON3 , AND DOUGLAS H. RUDD1,2,4,5
1Department of Physics, Yale University, New Haven, CT 06520, U.S.A.; daisuke.nagai@yale.edu
2Yale Center for Astronomy & Astrophysics, Yale University, New Haven, CT 06520, U.S.A.
3Department of Astronomy, Yale University, New Haven, CT 06520, U.S.A.
4Kavli Institute for Cosmological Physics, University of Chicago, Chicago, IL 60637, USA
5Research Computing Center, University of Chicago, Chicago, IL 60637, USA
The Astrophysical Journal, accepted
ABSTRACT
In the hierarchical structure formation model, clusters of galaxies form through a sequence of mergers and
continuous mass accretion, which generate significant random gas motions especially in their outskirts where
material is actively accreting. Non-thermal pressure provided by the internal gas motions affects the thermo-
dynamic structure of the X-ray emitting intracluster plasma and introduces biases in the physical interpretation
of X-ray and Sunyaev-Zeldovich effect observations. However, we know very little about the nature of gas
motions in galaxy clusters. The ASTRO-H X-ray mission, scheduled to launch in 2015, will have a calorime-
ter capable of measuring gas motions in galaxy clusters at the level of .100 km/s. In this work, we predict
the level of merger-induced gas motions expected in the ΛCDM model using hydrodynamical simulations of
galaxy cluster formation. We show that the gas velocity dispersion is larger in more massive clusters, but ex-
hibits a large scatter. We show that systems with large gas motions are morphologically disturbed, while early
forming, relaxed groups show a smaller level of gas motions. By analyzing mock ASTRO-H observations of
simulated clusters, we show that such observations can accurately measure the gas velocity dispersion out to the
outskirts of nearby relaxed galaxy clusters. ASTRO-H analysis of merging clusters, on the other hand, requires
multi-component spectral fitting and enables unique studies of substructures in galaxy clusters by measuring
both the peculiar velocities and the velocity dispersion of gas within individual sub-clusters.
Subject headings: cosmology: theory – galaxies: clusters: general – X-rays: galaxies: clusters
1. INTRODUCTION
Clusters of galaxies are the largest gravitationally bound
objects and are formed both through mergers and continuous
mass accretion. These merging and accretion events generate
a significant level of gas motions inside the cluster potential
well, which eventually heat the gas through shocks or turbu-
lent dissipation. Cosmological hydrodynamical simulations
predict that such gas motions are ubiquitous in galaxy clus-
ters forming in the ΛCDM model and that a non-negligible
(5−30%) fraction of the total energy content of the intraclus-
ter medium (ICM) is in the form of kinetic energy (Vazza et al.
2009; Lau et al. 2009).
The total energy content of the ICM is a useful quantity in
cluster-based cosmology as it directly relates to cluster mass.
Observations of the hot ICM with X-ray and the Sunyaev-
Zeldovich (SZ) effect are, however, sensitive to the thermal
energy content only. Failing to consider the gas kinetic en-
ergy fraction can result in a number of systematic biases. For
example, the increasing kinetic energy fraction at larger radii
leads to suppressed temperatures and flatter entropy profiles
in cluster outskirts (Reiprich et al. 2013, for a review). Gas
motions also contribute to the support against gravity which
leads to biases in cluster mass estimates based on the assump-
tion of hydrostatic equilibrium (e.g., Rasia et al. 2006; Nagai
et al. 2007b; Piffaretti & Valdarnini 2008), and is currently
one of the dominant sources of systematic uncertainty in the
calibration of cluster observable-mass relations and cosmo-
logical parameters derived from clusters (Allen et al. 2008;
Vikhlinin et al. 2009; Planck Collaboration XX 2013). A large
kinetic energy fraction in cluster outskirts also reduces the
thermal SZ signal of individual clusters and the SZ fluctuation
power spectrum (Shaw et al. 2010; Battaglia et al. 2010; Trac
et al. 2011), introducing additional uncertainties in cosmolog-
ical inference from ongoing SZ surveys (Reichardt et al. 2012;
Sievers et al. 2013). In addition, gas motions are thought to be
responsible for dispersing metals throughout the ICM via tur-
bulent mixing (e.g., Rebusco et al. 2005) and accelerating par-
ticles which gives rise to radio halos in clusters (e.g., Brunetti
& Lazarian 2007).
Despite the important role of gas motions in cluster astro-
physics and cosmology, we know very little about them ob-
servationally. Indirect evidence from Chandra/XMM-Newton
observations of surface brightness fluctuations in the cen-
tral regions of the nearby Coma cluster suggest that ≈ 10%
of ICM energy is in the form of gas motions (Schuecker
et al. 2004; Churazov et al. 2012). There are also constraints
from the lack of detection in the shifting and broadening of
heavy ion lines (e.g., Ota et al. 2007). Although a merging
sub-cluster has recently been detected through the line shift
(Tamura et al. 2011), the line broadening has not yet been
detected, indicating that turbulent gas velocities are smaller
than several hundred km/s on the scale of a few hundred kpc
in the central regions of galaxy clusters (Sanders & Fabian
2013). Moreover, no observation to date has provided mean-
ingful constraints on gas motions at large radii where numer-
ical simulations predict they should be significant.
The ASTRO-H mission (Takahashi et al. 2010), a joint
Japanese-US X-ray telescope scheduled to be launched in
2015, has a unique capability to measure gas motions in clus-
ters. The Soft X-ray Spectrometer (SXS) onboard ASTRO-H
will have an energy resolution of approximately 7 eV, which
enables measurements of the peculiar velocity and internal
gas motions in clusters directly for the first time through the
shifting and broadening of Fe lines. It will have spatial res-
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olution of 1.3 arcmin, and the field-of-view of 3.05× 3.05
arcmin2. Despite the limited angular resolution and field-of-
view, it should be possible to study the velocity structure of
the ICM over a wide range of spatial scales (≈ 1−1000 kpc)
by measuring the 3D gas velocity power spectrum (Zhuravl-
eva et al. 2012) and resonant scattering of the Fe XXV line at
6.7 keV (Zhuravleva et al. 2011)1.
Theoretically, several works have investigated the proper-
ties of internal gas motions in galaxy clusters using hydrody-
namical simulations. It has been suggested that measurements
of gas velocity structure may provide insights into the bary-
onic physics in cluster central regions. For example, radiative
cooling and star formation induce rotational gas motions in
the cluster center (Rasia et al. 2004; Fang et al. 2009; Lau
et al. 2011; Biffi et al. 2011). Measurements of the gas ve-
locity anisotropy might help constrain the magnitude of the
baryon dissipation (Lau et al. 2012; Bianconi et al. 2013).
Vazza et al. (2006, 2011) studied how the kinetic energy frac-
tion in clusters depends on cluster mass and their dynamical
state using a sample of 21 and 20 simulated clusters, respec-
tively. By analyzing mock spectra of 43 simulated clusters,
Biffi et al. (2013) suggested that the gas velocity measure-
ments with future X-ray missions can identify disturbed clus-
ters and might help reduce the scatter in cluster scaling rela-
tions by excluding systems with high gas velocity dispersion.
The goal of this work is to characterize the gas motions in
the virialized regions of galaxy clusters induced by mergers
and accretion events and study their detectability with the up-
coming ASTRO-H mission. In this work, we will use a large
(& 400) volume-limited sample of simulated galaxy clusters
and groups in order to characterize the range of internal gas
motions for a wide range of cluster masses and dynamical
states. Since the total kinetic energy is the quantity directly
relevant for the cluster’s energy budget, we are primarily in-
terested in the sum of both bulk and turbulent motions induced
by mergers and accretion. Therefore, our strategy is to focus
on non-radiative simulations, in which gas motions are gener-
ated by gravitational physics and hydrodynamics of gas alone.
We will then assess the roles of non-gravitational physics,
such as gas cooling, star formation, and heating by stars and
black holes, using a smaller set of cluster simulations that fol-
low these processes self-consistently. We investigate the ef-
fects of baryonic physics (e.g., radiative cooling, star forma-
tion, and energy injection from stars and black holes) on gas
velocity structure, focusing on the sphere of influence of AGN
feedback and the relative importance of the merger vs. AGN
induced gas flows. By analyzing mock ASTRO-H spectra of
simulated clusters, we will show that ASTRO-H observations
are capable of measuring the internal gas motions in clusters
out to r ≈ r500c as well as enabling a unique study of cluster
gas substructures.
This paper is organized as follows. Section 2 describes nu-
merical simulations and mock ASTRO-H simulations used in
this work. Results are presented in Section 3. We provide a
summary and discuss implications of our results in Section 4.
2. SIMULATIONS
2.1. Hydrodynamical Simulations
The simulations presented in this work are performed using
the Adaptive Refinement Tree (ART) N-body+gas-dynamics
1 In the presence of gas turbulence, the effect of resonant scattering is
suppressed, decreasing the optical depth of resonant scattering line e.g. the
Fe XXV line at 6.7 keV.
code (Kravtsov 1999; Kravtsov et al. 2002; Rudd et al. 2008),
which is an Eulerian code that uses adaptive refinement in
space and time, and non-adaptive refinement in mass (Klypin
et al. 2001) to achieve the dynamic ranges necessary to re-
solve the cores of halos formed in self-consistent cosmologi-
cal simulations. The code is parallelized using Massage Pass-
ing Interface (MPI) libraries and OpenMP directives.
To study the variation of gas velocity structure with clus-
ter formation history, we analyze a volume-limited sample of
458 galaxy groups and clusters with M500c ≥ 5× 1013h−1M
selected from a 250h−1 Mpc volume with the same initial con-
ditions as the Bolshoi Simulation (Klypin et al. 2011), but
performed with non-radiative hydrodynamics (Bolshoi NR,
hereafter). This simulation assumes a flat ΛCDM model
with WMAP five-year (WMAP5) cosmological parameters:
Ωm = 1−ΩΛ = 0.27, Ωb = 0.0469, h = 0.7 and σ8 = 0.82, where
the Hubble constant is defined as 100h km s−1 Mpc−1, and σ8
is the mass variance within spheres of radius 8h−1 Mpc. The
simulation was run using a uniform 5123 grid with 8 levels of
mesh refinement, implying a maximum spatial resolution of
3.8h−1 kpc. The simulation is performed with 10243 particles
spread uniformly throughout the box, corresponding to dark
matter mass resolution of 1.08×109h−1M.
To investigate the effects of baryonic physics on the gas ve-
locity structure, we analyzed a sample of high-resolution hy-
drodynamical simulations of galaxy clusters formation from
Nagai et al. (2007a,b, hereafter N07)2, which were simulated
with varying physical processes. The first set is performed
with non-radiative (NR) gas physics, as with Bolshoi NR. The
second set includes radiative cooling, star formation, metal
enrichment, and stellar feedback (CSF). Comparisons of the
NR and CSF runs to Chandra X-ray cluster observations have
been presented in Nagai et al. (2007a), illustrating that these
two runs bracket observed clusters in a number of proper-
ties. The third set includes CSF and energy feedback from
supermassive black holes (CSF+AGN; see Avestruz et al., in
prep. for more details). Briefly, black hole (BH) particles are
seeded with an initial mass of 105h−1M at the centers of dark
matter halos with M500c & 2× 1011h−1M. Throughout cos-
mic history, these BH particles accrete gas with a rate given
by a modified Bondi accretion model with a boost parameter
(Booth & Schaye 2009) and return a fraction of the accreted
rest mass energy into the environment in the form of thermal
energy.
In particular, we focus on two X-ray luminous clusters,
CL104 and CL101, at z = 0, with the core-excised X-ray tem-
perature of TX = 7.7 and 8.7 keV, respectively. CL101 is a
massive, dynamically active cluster, which has recently ex-
perienced violent mergers (at z ∼ 0.1 and z ∼ 0.25) and con-
tains two major substructures near the core at z = 0. These
two substructures have been identified by visual inspection
and masked out before its analysis. CL104 is a similarly mas-
sive cluster, but with a more quiescent mass accretion history.
No significant mergers occur in the last 8 Gyrs of the clus-
ter’s mass accretion history, making it one of the most relaxed
systems in the N07 sample. Each cluster is simulated using a
1283 uniform grid with 8 levels of refinement. Clusters are se-
lected from 120h−1 Mpc computational boxes, achieving peak
spatial resolution of ≈ 3.6h−1 kpc, sufficient to resolve dense
gas clumps in the ICM. The dark matter particle mass in the
2 Note that the cosmological parameters adopted here differ from the Bol-
shoi simulations.
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region surrounding the cluster is 9×108h−1M, while the rest
of the simulation volume is followed with lower mass and
spatial resolution. We refer readers to N07 for further details.
2.2. Mock ASTRO-H Simulations
We generate a mock ASTRO-H surface brightness map and
spectrum for each orthogonal projection for each cluster in the
sample. The ASTRO-H pipeline consists of two main steps:
(1) generation of the flux map from the simulation output;
and (2) conversion of the flux map to a photon map by con-
volving with the instrumental response of ASTRO-H. For the
first step, we compute the emissivity E as a function of en-
ergy E for each hydrodynamic cell using the APEC plasma
code (Smith et al. 2001) with AtomDB version 2.0.2 (Fos-
ter et al. 2012). The emissivity E = E (ρ,T,Z,zobs,vlos) is a
function of the gas density ρ, temperature T , the gas metallic-
ity Z = 0.3Z, observed redshift of the clusters zobs = 0.0683,
and line-of-sight velocity vlos of the cell. The energy range is
E ∈ [5.0,10.0] keV with energy resolution of∆E = 1 eV, and
we include the effect of thermal broadening on the emission
line.
Each flux map is computed by summing up the emissivity
of all cells contained within a sphere of radius of 5h−1 Mpc
centered on the densest dark matter particle. We then con-
volve our flux map with the ASTRO-H Auxiliary Response
File (ARF) (sxt-s_120210_ts02um_intall.arf)
and Redistribution Matrix File (RMF)
(ah_sxs_7ev_basefilt_20100712.rmf) response
files from the ASTRO-H website.4 The energy resolution for
these response file is 7 eV. We then draw photons for each
location from the convolved flux map assuming a Poisson
distribution. The number of photons depends on our chosen
exposure time texp, which is a free parameter.
For each mock ASTRO-H map, we extract a spectrum from
the regions of interest. We then measure both peculiar veloc-
ity and velocity dispersion of gas by performing spectral fit-
ting of the the mock ASTRO-H spectrum using XSPEC ver-
sion 12.8, using the BAPEC model with temperature, metal
abundance, redshift, velocity dispersion, and the spectrum
normalization as free parameters, in the energy range of E ∈
[6.05,6.95] keV. Thermal broadening is included when fitting
for the emission lines. The fitting is performed using Cash
statistics (Cash 1979).
3. RESULTS
3.1. Predicting the Merger-induced Gas Flows in ΛCDM
clusters
We begin by considering the average gas velocity struc-
ture in the Bolshoi NR sample. Fig. 1 shows the 1D mass-
weighted gas velocity dispersion,
σmw =
(
1
3
3∑
i=1
∑
kmk(v
i
k − vipec)2∑
kmk
)1/2
, (1)
where mk and vik are the gas mass and the i-th component of
the gas velocity of the k-th cell, respectively, and vipec is the
3 This is the redshift of A1795, a nearby relaxed cluster, which is one of
the likely targets for mapping out the gas velocity structure out to large radii
with ASTRO-H.
4 http://astro-h.isas.jaxa.jp/researchers/sim/
response.html
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FIG. 1.— One dimensional velocity dispersion of gas within a sphere of
r500c as a function of M500c. The points indicate all clusters with M500c >
5× 1013h−1M. The red diamonds and blue circles indicate clusters with
the kinetic energy fraction of Ekin/Etot > 0.25 and < 0.05, respectively. The
middle line indicates the best-fit relation with fixed slope of 1/3, and the two
surrounding lines indicate 2σ around the fit.
i-th component of the cluster dark matter center-of-mass pe-
culiar velocity within r500c, as a function of M500c. The best-
fit power-law is shown by the middle solid line, with a slope
fixed to the self-similar value of 1/3:
σmw(< r500c)
(212±3)kms−1 =
(
M500c
1014h−1M
)1/3
. (2)
The two surrounding solid lines indicate±2σ around the best-
fit line, showing considerable scatter in σmw at any given
mass. At M500c = 1014h−1M, the line-of-sight mass-weighted
gas velocity dispersion ranges from 100 − 400 km s−1. The
red and blue points indicate clusters with the kinetic energy
fraction of Ekin/Etot > 0.25 and < 0.05, respectively, where
the kinetic energy is defined as Ekin = 32Mgasσ
2
mw(< r500c), and
Etot is the sum of gas kinetic and thermal energy. The depen-
dence of σmw on the kinetic energy fraction suggests that the
Doppler broadening of the Fe line detectable with ASTRO-
H depends on the cluster dynamical state, and the magni-
tude of the broadening is expected to be larger for systems
with larger kinetic energy fraction. Note that systems with
Ekin/Etot > 0.25 are some of the most disturbed clusters in
our sample, so large variations are expected for this popula-
tion. For example, one red point that deviates significantly
below the rest of the population is a merging cluster, in which
r500c of the main cluster encompasses parts of the merging
sub-cluster, but the gas velocity dispersion has not been af-
fected significantly as the merging sub-cluster is still in its
first passage.
In Fig. 2, we show ASTRO-H mock maps of the simulated
clusters with Ekin/Etot < 0.05 and Ekin/Etot > 0.25. These im-
ages show that systems with large kinetic energy fractions
are morphologically disturbed, while those with small ki-
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FIG. 2.— ASTRO-H mock maps of the present-day clusters with
Ekin/Etot < 0.05 (top panel) and Ekin/Etot > 0.25 (bottom panel). Each image
is 2.8 Mpc across. The white circles indicate r500c of each cluster.
netic energy fractions appear relaxed with little substructure
or asymmetries. This indicates that morphological properties
of galaxy clusters, which can be measured using spatially-
resolved Chandra and XMM-Newton X-ray observations, can
serve as useful indicators for the level of internal gas motions
in clusters.
The best-fit slope of the σmw −M relation is 0.422±0.023,
steeper than the self-similar slope of 1/3. This is driven in
part by the presence of relaxed, low-mass clusters (indicated
by blue points). These are groups of galaxies which formed
at high-redshift and have not experienced significant merg-
ers or mass accretion recently. In the hierarchical structure
formation model, these early forming systems are common
at low-masses, but are much rarer among massive clusters
that are still forming today. This produces an excess of low-
mass groups with low gas velocity dispersion, and a number
of them lie below the −2σ line (indicated by the lower thin
grey line). We note that this is analogous to the concentration-
mass relation in the ΛCDM model, which also exhibits large
scatter and dependence on formation time, which is respon-
sible for the abundance of highly concentrated, early-forming
low-mass groups (Wechsler et al. 2002; Zhao et al. 2009).
FIG. 3.— One dimensional mass-weighted velocity dispersion of gas as a
function of r/r500c. The profile is normalized to V500c ≡
√
GM500c/r500c.
Solid lines indicate the differential gas velocity dispersion σmw(r) in each
annulus. Dashed lines indicate the cumulate gas velocity dispersion σmw(< r)
within a sphere with radius r. Thick lines are median profiles for relaxed (blue
with Ekin/Etot < 0.1) and unrelaxed clusters (red with Ekin/Etot > 0.1). Thin
lines are individual cluster profiles.
3.2. Impact of Cluster Core Physics on Gas Velocity
Structure
Next, we investigate how the gas velocity dispersion
changes with cluster-centric radius. Fig. 3 shows the
1D mass-weighted velocity dispersion for the Bolshoi
NR sample, normalized to the circular velocity V500c ≡√
GM500c/r500c. We plot the 1D differential mass-weighted
gas velocity dispersion σmw(r) in each radial shell [r,r + dr]
(solid lines) and the 1D cumulative mass-weighted gas veloc-
ity dispersion σmw(< r) within a sphere with radius r (dashed
lines), respectively. We also compare the median profiles of
relaxed (indicated by blue lines) and unrelaxed clusters (indi-
cated by red lines). The latter shows a large scatter because
their morphology deviates significantly from spherical sym-
metry. Here we divide our sample along the median kinetic
energy fraction of the sample, into relaxed and unrelaxed if
their kinetic energy fraction within r500c is less than or greater
than 0.1, respectively. Our main finding is that the median gas
velocity dispersion increases monotonically with radius. It is
therefore important to measure the gas velocity dispersion as a
function of radius in order to measure the total kinetic energy
of a galaxy cluster.
However, the cluster gas velocity structure is expected to
depend sensitively on cluster physics, especially in the central
regions where gas cooling and energy injection from super-
nova and AGN can significantly influence both the thermody-
namic and velocity structure of the ICM. To assess these ef-
fects, in Fig. 4 we show the 1D differential mass-weighted ve-
locity dispersion of gas σmw(r/r500c) for two simulated clus-
ters (CL104 and CL101), each performed with varying input
gas physics: non-radiative (NR); cooling and star formation
(CSF); and cooling, star formation, plus thermal AGN feed-
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FIG. 4.— One dimensional differential mass-weighted velocity dispersion
of gas σmw(r) as a function of r/r500c for simulations with varying input
physics. Red, blue, and green lines indicate runs with non-radiative (NR),
cooling and star formation (CSF), and feedback from active galactic nuclei
(CSF+AGN). Thin and thick lines indicate CL101 (unrelaxed) and CL104
(relaxed), respectively.
back (CSF+AGN). Gas cooling and star formation have a sig-
nificant effect on the velocity structure of the ICM, especially
in the central regions (r . 0.3r500c). Note, however, that the
CSF runs suffer from the well-known “overcooling" problem,
which leads to an over-production of stars as well as a high-
level of star formation at late times, making the simulated cen-
tral galaxy considerably bluer than those observed. The gas
velocities near the cluster center in the CSF runs are dom-
inated by strong coherent rotation as the gas “overcools" to
form a rotationally supported disk, making the gas velocity
dispersion significantly larger in the cluster core (Lau et al.
2011).5 This effect is more pronounced in the relaxed cluster
(CL104) in which the gas rotation has not been disrupted by
mergers. Such strong rotation in the CSF run induces a sig-
nificant increase in the ellipticity of the central X-ray surface
brightness, which has been ruled out by Chandra observations
(Fang et al. 2009; Lau et al. 2012). Our CSF+AGN runs are
more realistic; for example, the inclusion of AGN helps reg-
ulate gas cooling and better reproduces the mass and color of
the bright central galaxy as well as the observed stellar frac-
tion (Avestruz et al., in prep). As shown in Fig. 5, the gas ve-
locity dispersion profiles in the CSF+AGN runs are similar to
those of the non-radiative runs at all radii. In the relaxed clus-
ter (CL104), we find enhancement in gas velocity at the level
of 30− 50 km s−1 within r < 0.3r500c, while the difference is
not discernible in the unrelaxed system (CL101) in which the
presence of significant (of order 300 km s−1) merger-induced
gas flows dominate over the gas flows generated by the cluster
core physics. Note that mergers could drive gas feeding into
the supermassive black hole in the central cluster galaxy, but
5 Note that our definition of σmw (Eq. 1) includes both mean and random
velocity components.
the kinetic energy injected by AGN should be a few orders of
magnitude smaller than that induced by mergers.
As shown in Fig. 4, the differential gas velocity dispersion
at r500c is insensitive to the included cluster physics. This
means that ASTRO-H measurements of gas motions in the
outskirts of galaxy clusters could be used to estimate the non-
thermal pressure support and may even provide correction
factors for estimates of the mass assuming hydrostatic equi-
librium (Nelson et al. 2012, Lau et al. in press.). The cumu-
lative gas velocity dispersion σmw(< r500c), on the other hand,
is more susceptible to baryonic physics in the cluster core. In
the CSF+AGN simulation, σmw is modified by -5% for CL101
and +16% for CL104, compared to the NR simulation. As
discussed above, the effect of cluster core physics is likely
significantly overestimated, and the cumulative gas velocity
dispersion is larger by +190% in CL104 and +16% in CL101
with respect to the NR run, indicating that the ASTRO-H mea-
surements might shed light on the impact of baryon physics
on the gas velocity structures.
3.3. Measuring Gas Motions in the Outskirts of Relaxed
Galaxy Clusters with ASTRO-H
In this section, we explore the detectability of the veloc-
ity structure in the ICM with the upcoming ASTRO-H mis-
sion. Fig. 5 shows the mock ASTRO-H surface brightness
map and spectrum of the relaxed cluster CL104 in the NR
run at the fiducial redshift z = 0.068. The top panel shows
the mock ASTRO-H surface brightness map in a 5− 10 keV
band, showing a region of 2.6 Mpc encompassing r500c of this
cluster. The bottom panel shows the mock ASTRO-H spec-
tral analysis of data extracted from a 100 ksec exposure of the
central region, indicated by the white box in the top panel. A
single component model spectrum (shown in red) provides a
good fit to the spectrum extracted from this region (shown in
blue). The best-fit velocity dispersion is 137± 6 km s−1, and
the best-fit peculiar velocity is 169±6 km s−1, demonstrating
the power of ASTRO-H for studying the gas velocity struc-
ture in the central regions where we can expect to obtain large
X-ray photon counts.
Extending this analysis to large radii would be challeng-
ing for ASTRO-H, as the surface brightness declines rapidly
toward the cluster outskirts, but it is still possible with very
deep ASTRO-H observations of nearby relaxed clusters as we
demonstrate here. Figure 6 shows an example deep ASTRO-
H observational program to measure the gas velocity disper-
sion as a function of radius out to r ∼ r500c. From inside out,
we allocated 10, 30, 100, 300, and 500 ksec exposures, such
that the measurement errors are roughly comparable in size,
shown in the top panel. The total integration time is 940 ksec.
A detailed characterization of the gas velocity profile out to
r≈ r500c will require of order 1 Msec of ASTRO-H time, with
a significant time spent on the outermost radial bins. The data
points in the bottom panel show the gas velocity dispersion
extracted from the spectral fitting of the ASTRO-H spectra ex-
tracted from the radial shell, indicated by the horizontal error-
bar. The measured gas velocity is in good agreement with the
3D cumulative mass-weighted velocity dispersion profile, and
it is slightly (∼ 30− 50 km s−1) smaller than the differential
mass-weighted velocity dispersion within the projected radial
bin. The difference is partly due to the fact that the measured
velocity is spectral-weighted. This leads to an underestimate
of the gas velocity dispersion relative to the mass-weighted
ones, because the spectral weighting gives more weight to the
6 Nagai et al.
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FIG. 5.— Mock ASTRO-H analysis of a relaxed cluster CL104 for the NR
run. Top panel: Mock ASTRO-H image in 5 − 10 keV band. The region
shown is about 2.6 Mpc across, and the dotted circle indicates r500c. Bot-
tom panel: Mock ASTRO-H spectra of the central region with a 100 ksec
exposure. The red line shows the best-fit spectrum.
inner regions where the gas density is higher but the gas ve-
locity is smaller.
3.4. Studying Substructures in Merging Galaxy Clusters with
ASTRO-H
ASTRO-H analysis of merging galaxy clusters is more in-
volved, requiring multiple spectral components. Figure 7
shows one such example: the mock ASTRO-H analysis of
cluster CL101 in the NR run, which consists of two merg-
ing sub-clusters 1 and 2. A single component spectral model
underestimates the cluster peculiar velocity (due to the cance-
lation of peculiar velocities associated with two merging com-
ponents with opposite signs) and overestimate of the gas ve-
locity dispersion. The magnitude of these biases depends on
the orientation of the merger axis and the line-of-sight, and the
biases are the largest when the two merging sub-clusters are
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FIG. 6.— Mock ASTRO-H analysis of a relaxed cluster CL104 for the NR
run. Top panel: Mock ASTRO-H image in a 5 − 10 keV band. The region
shown is about 2.6 Mpc across, and the dotted circle indicates r500c. Bottom
panel: ASTRO-H measurements of the gas velocity dispersion as a function
of radius with 10, 30, 100, 300, 500 ksec exposures. The solid black line is the
differential mass-weighted profile in a spherical shell. The dashed black line
is the projected differential mass-weighted gas velocity dispersion profile.
viewed along the line-of-sight. A two component fit provides
a much better description of the data, yielding accurate mea-
surements of the peculiar velocity and gas velocity dispersion
for each component. Spectral analysis based on a Bayesian
Gaussian Mixture model may also help disentangle multiple
velocity components robustly (Shang & Oh 2012). This ex-
ample illustrates that the ASTRO-H spectrum contains rich
information about substructures in the ICM, enabling us to
probe structures along the line of sight. The ASTRO-H spec-
trum will be highly complementary to studies of gas clumps
in spatially resolved 2D X-ray imaging with Chandra and
XMM-Newton observations.
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FIG. 7.— Mock ASTRO-H analysis of a merging cluster CL101 for the
NR run. Top panel: Mock ASTRO-H image in a 5 − 10 keV band with a
300 ksec exposure. The region shown is 2.6 Mpc across, and the inner and
outer dotted circles indicate 0.3× r500c and r500c, respectively. We extract
spectra from regions labeled clump 1 and clump 2. Bottom panel: Individual
mock ASTRO-H spectra and the best-fit for clump 1 (red) and 2 (green). The
fit of the combined spectrum of clumps 1 and 2 (black line) is the sum of the
individual fits.
In this work, we investigate internal gas motions within
the virialized regions of galaxy clusters and their detectabil-
ity with the upcoming ASTRO-H mission. Using a large,
volume-limited sample of simulated galaxy clusters and
groups in the ΛCDM model, we characterize the range of in-
ternal gas motions as a function of mass and dynamical state.
We find that the gas velocity dispersion is larger in more mas-
sive clusters, but exhibits large scatter due to the diversity in
their dynamical states. We show that systems with large gas
motions are generally morphological disturbed, while early
forming, relaxed groups show a considerably smaller level of
merger-induced gas motions. This suggests that morpholog-
ical properties of galaxy clusters that can be measured using
spatially-resolved Chandra and XMM-Newton X-ray obser-
vations should be good indicators for the level of internal gas
motions in clusters.
We show that the gas velocity structure changes with
cluster-centric radius. We find that the gas velocity disper-
sion on average increases monotonically with radius in clus-
ters, because cluster outskirts are the regions where materials
are actively accreting and the relaxation time becomes pro-
gressively longer. This means that it is important to measure
the gas velocity dispersion as a function of radius in order to
constrain the kinetic energy and hence the total energy budget
of galaxy clusters as a whole. Baryonic physics, such as gas
cooling and energy injection from supernovae and AGN, af-
fect the velocity structure of the gas in inner regions (see also
Biffi et al. 2011; Dubois et al. 2011; Vazza et al. 2013). Our
simulations suggest that the effects of cluster core physics is
confined within r . 0.3r500c for massive clusters. We also
show that simulations without gas cooling and star forma-
tion (without AGN) significantly overestimate the gas veloc-
ity in the central regions of clusters. The simulations with
with AGN, on the other hand, are more similar to those in
the non-radiative run, because AGN provide additional en-
ergy necessary to regulate gas flow induced by gas cooling
and star formation. We find that the inclusion of AGN in-
creases gas velocity dispersion on the order of 30−50 km s−1
in the central regions. This effect should be discernible in
relaxed clusters, where the merger induced gas motions are
smaller, but it is more difficult to see in dynamically active
clusters in which the merger-induced gas motions are on the
order of 300−500 km s−1.
Finally, we show that deep ASTRO-H observations can
accurately measure the gas velocity dispersion to r ≈ r500c
in nearby relaxed clusters. Although the Doppler broaden-
ing should be larger for merging clusters, ASTRO-H spectral
analysis would be more involved for such objects, requiring
multiple spectral components. However, we also point out
that the multi-component spectral fitting is a powerful ap-
proach for studying substructures in velocity space, which
would be highly complementary to studies of gas clumps with
spatially resolved Chandra and XMM-Newton observations.
Our analyses indicate that ASTRO-H should be capable of
constraining the missing energy associated with internal gas
motions in clusters and enable unique studies of their sub-
structures.
There are several caveats that must be kept in mind when
interpreting our results. First, plasma instabilities, such as
magneto-thermal instability (MTI), may generate additional
turbulent motions and contribute up to ∼ 40% of extra non-
thermal pressure and ∼ 20% increase in the one dimensional
differential gas velocity dispersion at r = r500c (Parrish et al.
2012, but see also Ruszkowski et al. 2011). To our knowledge,
this is the largest systematic uncertainty in our predicted gas
velocity dispersion, as our simulations do not include mag-
netic field and related plasma effects. With deep ASTRO-H
cluster observations, the accuracy of velocity measurements
may reach 20 km s−1, which is comparable to the increase
in velocity dispersion due to MTI for a massive relaxed clus-
ter. Therefore, ASTRO-H might be able to distinguish models
with and without MTI. Furthermore, there are additional com-
plications in real ASTRO-H spectral analysis that might in-
troduce additional observational uncertainties. For example,
the spectral analysis of cluster outskirts may be complicated
by the difficulty in disentangling the low surface brightness
signal associated cluster emission from large background and
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foreground emissions. Our mock ASTRO-H analysis also ig-
nored the effect of resonant scattering, which might introduce
additional uncertainties in the gas velocity measurements.
Over the next several years, the velocity structure of the
ICM will become an important and active area of research.
Observationally, ASTRO-H will make a first direct detection
of the internal gas motions in galaxy clusters. However, these
measurements are likely limited to a handful of nearby mas-
sive galaxy clusters. Next generation X-ray missions, such
as Athena+6 and SMART-X7, are necessary to extend such
study for a cosmologically representative sample as well as
higher-redshift and lower mass groups and to provide fuller
insights into the missing energy problem in galaxy clusters.
Theoretically, there are still a number of important issues that
must be addressed before we could interpret ASTRO-H data
in more detail. For example, the internal gas motions consist
of the combination of bulk and turbulent gas flows, but their
relative importance still remains unclear and must be under-
stood. Aforementioned plasma instabilities may also give rise
to additional turbulent gas motions, but no work to date has
characterized the magnitude of this effect using cosmological
simulations. Future work should thus focus on characterizing
bulk and turbulent gas motions and their relative importance,
understanding their physical origin, and assessing the impor-
tance of plasma effects.
We thank Tetsu Kitayama, Maxim Markevitch, Naomi
Ota, Cien Shang, Andrew Szymkowiak and Irina Zhuravleva
for useful discussions and/or comments on the manuscript,
and Anatoly Klypin for providing initial conditions for the
Bolshoi simulation. We acknowledge support from NSF
grants AST-1009811 and OCI-0904484, NASA ATP grant
NNX11AE07G, NASA Chandra Theory grant GO213004B,
Research Corporation, and by Yale University. CA acknowl-
edges support from NSF Graduate Student Research Fellow-
ship and Alan D. Bromley Fellowship from the Yale Univer-
sity. This work was also supported in part by the facilities and
staff of the Yale University Faculty of Arts and Sciences High
Performance Computing Center.
REFERENCES
Allen, S. W., Rapetti, D. A., Schmidt, R. W., et al. 2008, MNRAS, 383, 879
Battaglia, N., Bond, J. R., Pfrommer, C., Sievers, J. L., & Sijacki, D. 2010,
ApJ, 725, 91
Bianconi, M., Ettori, S., & Nipoti, C. 2013, MNRAS, 434, 1565
Biffi, V., Dolag, K., & Böhringer, H. 2011, MNRAS, 413, 573
—. 2013, MNRAS, 428, 1395
Booth, C. M., & Schaye, J. 2009, MNRAS, 398, 53
Brunetti, G., & Lazarian, A. 2007, MNRAS, 378, 245
Cash, W. 1979, ApJ, 228, 939
Churazov, E., Vikhlinin, A., Zhuravleva, I., et al. 2012, MNRAS, 421, 1123
Dubois, Y., Devriendt, J., Teyssier, R., & Slyz, A. 2011, MNRAS, 417, 1853
Fang, T., Humphrey, P., & Buote, D. 2009, ApJ, 691, 1648
Foster, A. R., Ji, L., Smith, R. K., & Brickhouse, N. S. 2012, ApJ, 756, 128
Klypin, A., Kravtsov, A. V., Bullock, J. S., & Primack, J. R. 2001, ApJ, 554,
903
Klypin, A. A., Trujillo-Gomez, S., & Primack, J. 2011, ApJ, 740, 102
Kravtsov, A. V. 1999, PhD thesis, New Mexico State Univ.
Kravtsov, A. V., Klypin, A., & Hoffman, Y. 2002, ApJ, 571, 563
Lau, E. T., Kravtsov, A. V., & Nagai, D. 2009, ApJ, 705, 1129
Lau, E. T., Nagai, D., Kravtsov, A. V., Vikhlinin, A., & Zentner, A. R. 2012,
ApJ, 755, 116
Lau, E. T., Nagai, D., Kravtsov, A. V., & Zentner, A. R. 2011, ApJ, 734, 93
Nagai, D., Kravtsov, A. V., & Vikhlinin, A. 2007a, ApJ, 668, 1
Nagai, D., Vikhlinin, A., & Kravtsov, A. V. 2007b, ApJ, 655, 98
Nelson, K., Rudd, D. H., Shaw, L., & Nagai, D. 2012, ApJ, 751, 121
Ota, N., Fukazawa, Y., Fabian, A. C., et al. 2007, Progress of Theoretical
Physics Supplement, 169, 25
Parrish, I. J., McCourt, M., Quataert, E., & Sharma, P. 2012, MNRAS, 419,
L29
Piffaretti, R., & Valdarnini, R. 2008, A&A, 491, 71
Planck Collaboration XX. 2013, A&A, submitted, arXiv:1303.5080
Rasia, E., Tormen, G., & Moscardini, L. 2004, MNRAS, 351, 237
Rasia, E., Ettori, S., Moscardini, L., et al. 2006, MNRAS, 369, 2013
Rebusco, P., Churazov, E., Böhringer, H., & Forman, W. 2005, MNRAS,
359, 1041
Reichardt, C. L., Shaw, L., Zahn, O., et al. 2012, ApJ, 755, 70
Reiprich, T. H., Basu, K., Ettori, S., et al. 2013, Space Sci. Rev., 177, 195
Rudd, D. H., Zentner, A. R., & Kravtsov, A. V. 2008, ApJ, 672, 19
Ruszkowski, M., Lee, D., Brüggen, M., Parrish, I., & Oh, S. P. 2011, ApJ,
740, 81
Sanders, J. S., & Fabian, A. C. 2013, MNRAS, 429, 2727
Schuecker, P., Finoguenov, A., Miniati, F., Böhringer, H., & Briel, U. G.
2004, A&A, 426, 387
Shang, C., & Oh, S. P. 2012, MNRAS, 426, 3435
Shaw, L. D., Nagai, D., Bhattacharya, S., & Lau, E. T. 2010, ApJ, 725, 1452
Sievers, J. L., Hlozek, R. A., Nolta, M. R., et al. 2013, ArXiv e-prints,
arXiv:1301.0824
Smith, R. K., Brickhouse, N. S., Liedahl, D. A., & Raymond, J. C. 2001,
ApJ, 556, L91
Takahashi, T., Mitsuda, K., Kelley, R., et al. 2010, in Society of
Photo-Optical Instrumentation Engineers (SPIE) Conference Series, Vol.
7732, Society of Photo-Optical Instrumentation Engineers (SPIE)
Conference Series, arXiv:1010.4972
Tamura, T., Hayashida, K., Ueda, S., & Nagai, M. 2011, PASJ, 63, 1009
Trac, H., Bode, P., & Ostriker, J. P. 2011, ApJ, 727, 94
Vazza, F., Brüggen, M., & Gheller, C. 2013, MNRAS, 428, 2366
Vazza, F., Brunetti, G., Gheller, C., Brunino, R., & Brüggen, M. 2011,
A&A, 529, A17
Vazza, F., Brunetti, G., Kritsuk, A., et al. 2009, A&A, 504, 33
Vazza, F., Tormen, G., Cassano, R., Brunetti, G., & Dolag, K. 2006,
MNRAS, 369, L14
Vikhlinin, A., Kravtsov, A. V., Burenin, R. A., et al. 2009, ApJ, 692, 1060
Wechsler, R. H., Bullock, J. S., Primack, J. R., Kravtsov, A. V., & Dekel, A.
2002, ApJ, 568, 52
Zhao, D. H., Jing, Y. P., Mo, H. J., & Börner, G. 2009, ApJ, 707, 354
Zhuravleva, I., Churazov, E., Kravtsov, A., & Sunyaev, R. 2012, MNRAS,
422, 2712
Zhuravleva, I. V., Churazov, E. M., Sazonov, S. Y., Sunyaev, R. A., &
Dolag, K. 2011, Astronomy Letters, 37, 141
6 http://www.the-athena-x-ray-observatory.eu 7 http://hea-www.cfa.harvard.edu/SMARTX
